The reaction between ozone and iodide at the sea surface is now known to be an important part of 10 atmospheric ozone cycling, causing ozone deposition and the release of ozone-depleting reactive iodine to the atmosphere. The importance of this reaction is reflected by its inclusion in chemical transport models (CTMs).
Iodide analysis was performed using cathodic stripping square wave voltammetry as described in Campos (1997) using a Metrohm voltammeter and NOVA software. The sample volume was 12 mL and nitrogen was used as purging gas to remove oxygen. 90 µL of 0.2 % Triton-X 100 was added to the sample before purging to increase the sensitivity of the method. Quantification of iodide was achieved by performing standard additions. Potassium 155 iodide (KI, Acros organics, extra pure, trace metal basis, 99.995 %) standards were prepared in Milli Q water https://doi. org/10.5194/bg-2019-443 Preprint. Discussion started: 25 November 2019 c Author(s) 2019. CC BY 4.0 License.
with a final concentration of about 1 -2 x 10 -5 M. Final concentrations were determined by applying linear regression. Precision of the technique was 5 -10 % based on repeat measurements of aliquots from the same sample.
160
Iodate was determined spectrophotometrically according to Truesdale and Spencer (1974) using a Perkin Elmer Lambda 35 UV/Vis spectrometer with a 1 cm quartz cuvette. During analysis 50 µL of 1.5 M sulfamic acid (Fisher scientific, Analytical Reagent grade, ≥ 99.9 %) was added to 2.3 mL of sample and absorbance at 350 nm was measured after 1 min. Following this, 150 µL of 0.6 M KI solution was added, mixed and the absorbance at 350 nm read after 2.5 min. Quantification was achieved by performing a standard curve on every 165 measurement day using potassium iodate (see section 2.2) in Milli Q water. Final iodate concentrations were then retrieved using the difference of the second reading and the first reading and by linear regression from the standards. Sample precision laid between 5 and 10 % based on regular measurements of triplicates from the same sample. A standard in the measured concentration range was measured every five samples to determine the daily instrumental drift. 170
Biological measurements: in vivo chlorophyll fluorescence and cell counts
In vivo chlorophyll fluorescence was measured at every sampling point for each culture-and control replicate. A sample of 5 mL was transferred into a 1 cm cuvette and fluorescence (excitation/emission 460 nm/685 nm) was measured using a Turner Trilogy Designs fluorometer.
175
Automated cell counts were performed using a Vi-Cell XR (Beckman Coulter). 500 µL of the sample were transferred into a vial, the Vi-Cell takes up the sample, mixes it 1:1 with trypan blue, dead cells take up the dye while live cells do not, and delivers it to a flow cell for camera imaging where differences in grey scale between live and dead cell is determined by the software. 50 images were analysed to determine the cell concentration and viability. The ESAW sample had to be acidified with 5 µL of concentrated hydrochloric acid directly prior 180 injecting into the Vi-Cell due to the alkaline nature of the trypan blue and consequential precipitation of sea salt that complicated the measurement using the Vi-Cell without pre-acidification. Pre-tests with acidification and in vivo chlorophyll fluorescence of different algal cultures showed no change in the fluorescence with preacidification in this short time period. The precision of these measurements was on average 10 % determined from triplicates from the same culture. No cells were detected in the control treatments. Bacterial contamination 185 was evaluated using flow cytometry. Samples were stained with DAPI (1µg mL -1 ) for 30 minutes at room temperature and analysed using a CytoFLEX S cytometer (Beckman Coulter) using an event rate of less than events 1,000 per second, at flow rate 60 µL per minute for a minimum of 1 minute. DAPI was excited using the 405 nm laser and emitted photons detected in the wavelength range 450/50 nm. Sterile sample diluent buffer was used to set the detection threshold and a sterile media was used as a negative control. 190
Calculations and data analysis
Iodide production and iodate incorporation rates were calculated from slopes applying linear regression analysis of iodide and iodate concentration versus time according to Bluhm et al. (2010) . Pearson's linear correlation coefficients (R 2 ) were generally larger or equal to 0.7 with the exception of one culture replicate of Emiliana https://doi.org/10.5194/bg-2019-443 Preprint. Discussion started: 25 November 2019 c Author(s) 2019. CC BY 4.0 License.
huxleyi (RCC 4566), where R 2 was 0.5. Iodine production and incorporation rates per cells were normalised to 195 time-averaged cell numbers.
All statistical tests applied in this study were conducted in Matlab® and Sigma Plot Version 13. Datasets that were correlated to each other were first tested for normal distribution using the Liliiefors test. Depending on the outcome of the test, linearity was calculated using the Pearson's linear correlation coefficient (R) or the Spearman's Rho (r s ). The significance level applied here was p ≤ 0.05. Further statistical tests applied include the 200 t-test, the two-sided Wilcoxon rank sum test, and One-way ANOVAs. The latter was used when the means of more than two datasets were investigated at the same time.
Normal distribution of datasets used in the One-way ANOVAs was tested using the Shapiro-Wilk test. Since most datasets were not normally distributed, we performed Kruskal-Wallis One-way ANOVAs, since they do neither require normal distribution, nor equal variances. The specific purpose of each test is introduced at 205 relevant points in Section 3.
Results and discussion
The results of the phytoplankton growth curve experiments are summarized in Fig. 2 -5. It can be seen that a decline in iodate concentrations and increase in iodide was detected in all strains studied. Concentrations of iodide in the media-only controls (Table 2) were very close to detection limit, and thus the small changes 210 observed are within our measurement error. Additionally any changes in iodate observed in the controls were within the precision of the spectrometric method. This confirms that the observed changes in inorganic iodine in the cultures were biologically mediated. It is apparent from Fig. 2 -5 that there is variability in the time-series and magnitude of changes in iodate and iodide concentrations between cultures but growth rates, biomass levels and the growth stage reached also differed between strains. The data are explored further in Sections 3.1 to 3.3 to 215 identify if any common features or patterns of inorganic iodine speciation change can be identified once these other factors are taken into account.
This study did not set out to identify the mechanism of iodate to iodide conversion in marine phytoplankton but we can say that it is unlikely nitrate reductase (Hung et al., 2005) was the mechanism responsible. It was postulated that the responsible enzyme switches to iodate once nitrate is depleted (Tsunogai and Sase, 1969) . 220 Media used to grow each strain in this study however contains high levels of nitrate (441.0 µM in K/2, Keller et al., 1987; 882 .0 µM in f/2, Guillard and Ryther, 1962; and K, Keller et al., 1987; 2.5 µM in SN, Waterbury et al., 1986 ) so the cultures were not limited in this nutrient. The other proposed mechanism for iodate reduction to iodide involves the release of reduced sulfur during the senescence phase (Bluhm et al., 2010) . Our further analysis in Sections 3.1 to 3.3 explores the importance of growth stage on changes in inorganic iodine speciation 225 and hence goes some way to explore if the mechanism described in Bluhm et al. (2010) can explain the observed changes.
Logarithmic stage rates of iodate to iodide reduction

Cell-normalised rates
Log-phase, cell-normalised iodide production rates were calculated (Table 1) to assess if normalising to biomass 230 allows any patterns to be identified across phytoplankton strains. Our rates are presented in Table 1 discussed further here as it was the only cyanobacterium strain studied. Overall we observed the highest rate of iodide production (95.5 ± 19.5 amol Icell -1 d -1 ) in the Prymnesiophyte Calcidiscus leptoporus (RCC 1164). The warm water (20° C) Phaeocystis sp. (RCC 1725) also had high rates of change of inorganic iodine speciation 235 (60.9 ± 22.5 amol Icell -1 d -1 ) but the cold-water Phaeocystis antarctica (RCC 4024) had relatively lower rates (3.5 ± 0.9 amol Icell -1 d -1 ). The Emiliana huxleyi strains investigated here (RCC 1210, RCC 4560) were both found to drive low rates of change in inorganic iodine speciation (< 2 amol Icell -1 d -1 ). Other studies have found rates of iodide production in Emiliana huxleyi of 66.3 amol Icell -1 d -1 (CCMP 373, 300 nM iodate, Chance et al., 2007) and 9 ± 5 to 11 ± 2 amol Icell -1 d -1 (CCMP 371, at 5 µM iodate, Bluhm et al., 2010) . The only other 240 Prymnesiophyte investigated to date (Tisochrysis lutea, CCAP 927/14) has been found to produce iodide at rates of 0.7 amol Icell -1 d -1 at 500 nM iodate and 195.1 nM iodate at 2.5 mM (van Bergeijk et al., 2016) .
For the sake of comparability, we concentrate only on studies that reported iodide production and iodate consumption rates normalised to phytoplankton cell numbers in the following. Across all studies on iodate to 245 iodide reduction by phytoplankton undertaken to date that also include phytoplankton cell numbers the highest rates of iodide production have been observed in diatoms but this was not the case in our study. The cold-water Nitzschia sp. (CCMP 580) has been found to mediate 123 amol Icell -1 d -1 at 300 nM iodate (Chance et al., 2007) . The very high rates of diatom iodate to iodide conversion reported in Table 1 from . Whilst the increased iodate to iodide reduction at the higher levels of iodate is of interest, such rates are unlikely to occur in the natural environment, especially since iodide release rates have been shown to increase with increasing initial iodate concentrations (e.g. Wong et al., 2002; van Bergeijk et al., 2016) . The highest rate 255 of iodide increase we observed amongst the diatoms studied here was in the temperate Chaetoceros sp. (RCC 4208; 16.6 ± 2.4 amol Icell -1 d -1 ). Relatively lower rates were observed in the other two cold-water and temperate Chaetoceros strains ( A similar wide range in iodide production and iodate consumption rates was found for monoculture batch experiments where no cell-normalised rates were presented (Butler et al., 1981; Moisan et al., 1994; Wong et al., 2002; Waite and Truesdale, 2003) . Overall, when all cell-normalised iodide production rates for all strains studied to date are brought together (this study and rates from the literature) there is no clear difference between phytoplankton groups (where there is sufficient data to make comparisons). For diatoms, rates at ambient levels of iodate (300 -500 nM) range from -270 1.65 amol Icell -1 d -1 in Thalassiosira pseudonana (CCMP 1335 , Chance et al., 2007 to 123 amol Icell -1 d -1 in Nitzschia sp. (CCMP 580, Chance et al., 2007) . In the Prymnesiophytes rates range from 0.7 ± 0.6 amol Icell -1 d -1 in Emiliana huxleyi (RCC 4560, this study) to 95.5 ± 19.5 amol Icell -1 d -1 in Calcidiscus leptoporus (RCC https://doi.org/10.5194/bg-2019-443 Preprint. Discussion started: 25 November 2019 c Author(s) 2019. CC BY 4.0 License.
1164, this study) at ambient iodate. There was no significant difference in iodide production rates between diatoms and prymnesiophytes (Mann-Whitney rank sum test, p > 0.05, n = 20 for diatoms and n = 22 for 275 prymnesiophytes) or between diatoms, prymnesiophytes and phaeocystales (Kruskal-Wallis, p > 0.05, n = 20 for diatoms, n = 15 for prymnesiophytes and n = 6 for phaeocystales) when data from this and previous studies are considered together. These results were the same whether only data from experiments conducted at ambient iodate were included, or data from all experiments (including those at super-ambient iodate levels) were considered. 280
Iodine to carbon ratios
An alternative way to compare iodide production rates between species and groups is to normalize against activity, such as carbon-fixation rate, rather than cell density. As photosynthetic rate was not measured we use known literature values for cellular carbon (Table 3) to calculate log-phase rates of carbon incorporation into cellular biomass (equivalent to net primary production, NPP). These rates are then used to calculate the molar 285 ratio of iodate removed or iodide produced (I:C) conversion ratios for each phytoplankton strain used in this study. Ratios are presented in Table 3 and vary between 10 -6 to 10 -3 for I:C. The range of rates found in this study are variable but do encompass the I:C ratios found in field studies, which are on the order of 10 -4 (Chance et al., 2010; Elderfield and Truesdale, 1980; Wong et al., 1976) . With our estimated I:C ratios lieing within the ranges reported from field studies, it can be assumed that the processes that we observe in our monoculture 290 studies are likely transferable to the field. Whilst there is insufficient data to undertake statistical analysis it is clear that, as with the cell normalised rates, the I:C in diatoms and phaeocystales / coccolithophores overlap significantly. Amongst the diatoms, the I:C ratio ranged from 2.0 x 10 -5 (± 1.2 x 10 -5 ) in Chaetoceros sp. (CCMP 1680) to 1.5 x 10 -4 (± 4.4 x 10 -5 ) in Chaetoceros sp. (RCC 4208). In the Prymnesiophytes it was found to range from 1.5 x 10 -5 (± 5.7 x 10 -6 ) in Emiliana huxleyi (RCC 1210) to 1.1 x 10 -3 (±4.7x10 -4 ) in Phaeocystis sp. (RCC 295 1725). The highest I:C amongst the coccolithophores was 4.5 x 10 -4 (± 1.2 x 10 -4 ) in Calcidiscus leptoporus (RCC 1164).
3.1.3
Relationship between iodate uptake and iodide production Fig. 6 shows the relationship between the log phase iodate removal and iodide production rates in 30 phytoplankton cultures from our study and an additional 11 strains from two studies (Chance et al., 2007; Wong 300 et al., 2002) , in which the cultures were also supplied with ambient iodate concentrations. Log-phase iodate consumption-and iodide production rates correlate significantly ( Fig. 6a ; Spearman's Rank, r s = -0.37, p = 0.018, n = 41) but the correlation for the overall experimental rates is stronger ( Fig. 6b ; Spearman's Rank, r s = -0.72, p = 0.000, n = 30). Also shown in the Figure are the "1:1"-lines. Data points below the line suggest higher iodate removal rates than iodide production, while data points above suggest the opposite. Data points below the 305 line after the end of the experiments (Fig. 6b ) indicate loss of iodine during the experiment (or 'missing iodine'). suggesting incomplete conversion of iodate to iodide and 'missing iodine'. The existence of 'missing iodine' is explored further in Section 3.3.
Comparison of log and post-log phase rates of iodide production
To investigate if growth stage is an important determinant of the rates of inorganic iodine speciation across 315 diverse phytoplankton groups, we compared logarithmic and post-logarithmic rates of change in iodide (Fig. 7) .
It is clear from Fig. 7 that there is no general pattern across the strains studied. Some cultures demonstrated higher iodide production rates in the log-phase and others in the post-log phase. A paired t-test revealed that there was no consistent difference between log and post-log phase rates of change in iodide across the phytoplankton strains included in this study (p > 0.05, n = 30). 320
It is interesting to note that declines in iodide concentrations were observed during the post-log phase in two strains (Chaetoceros sp. CCMP1680, -2.6 ± 0.5 amol Icell -1 day -1 ; Phaeocystis antarctica RCC 4024, -1.1 ± 1.4 amol Icell -1 day -1 ). There is also evidence from the growth curve data that there was a decline in iodide concentrations during the later stages of the growth curve experiment for Emiliana huxleyi (RCC 4560; Fig. 3 ). It 325 has been established in previous studies that phytoplankton also take up iodide ( (Wong and Cheng, 2001) . To date, evaluations of DOI in monocultural batch experiments have not been conducted. However, Wong and Cheng (2001) suggested that DOI could form from microalgal exudates, which could e.g. apply to species such as Phaeocystis sp.
Net changes in iodine speciation across experimental duration
The rates of change (normalised to the total experimental duration) and composition of iodine speciation at the 340 end of the experiments in each replicate are shown in Fig. 8 . The largest overall net decrease in iodate (mean ± standard deviation, -313.2 ± 18.1 nM) was seen in Calcidiscus leptoporus, while the smallest (-78.6 ± 26.1 nM) was seen in Emiliana huxleyi (RCC1210). Consistent with this, Fig. 8a shows that the largest overall rate of decline in iodate was observed in Calcidiscus leptoporus (-6.4 ± 0.4 nM d -1 ) with the smallest again seen in Emiliana huxleyi (RCC1210; -1.1 ± 0.4 nM d -1 ). The highest net increase in iodide was seen in Calcidiscus 345 leptoporus (RCC1164; 272.3 ± 17.6 nM) and the lowest was seen in Synechococcus sp. in which some changes in inorganic iodine speciation were observed but no significant net increase in iodide was observed across the experiment (-0.5 ± 1.3 nM). Highest overall rates of iodide increase (Fig. 8a) Fig. 8b shows the composition of iodine speciation at the end of each experiment with blue bars indicating 'missing iodine' (difference of net iodate decline and iodide increase). It is apparent that in 23 of the 30 studied culture replicates there is significant 'missing iodine' (i.e. less iodide produced compared to iodate lost from the media). Here 'significant' is defined as more than 10 % of initial iodate given that 10 % is the precision of the measurement (see Section 2.2.1). In eight out of 30 replicates, this 'missing iodine' is more than 50 % of the 355 initial iodate concentrations. The 'missing iodine' levels range from 46.9 ± 33.3 nM in Emiliana huxleyi (RCC 1210) to 257.8 ± 10.9 nM in Chaetoceros sp. (CCMP 1690) . This suggests that there is not always an immediate conversion of iodate to iodide in the medium and that some of the iodate taken up is retained by the cells or converted into (and stored) another form. Previous studies have also observed 'missing iodine' in their phytoplankton cultures (Chance et al., 2007; van Bergeijk et al., 2016; Wong et al., 2002) . It is possible that the 360 'missing iodine' has been converted into organic forms (including volatile organics), other inorganic forms such as hypoiodous acid and molecular iodine, which however are very short-lived in the ocean due to reaction with e.g. organic matter (Luther et al., 1995) , or particulate iodine. Establishing the location/form of the 'missing iodine' will require conformation from future studies which include measurements of all forms of iodine (iodate, iodide, particulate iodine, volatile organoiodine compounds, DOI, molecular iodine and hypoiodous acid). 365
Overall observations of 'missing iodine' are not consistent with the mechanism of iodate reduction to iodide proposed by Bluhm et al. (2010) who suggested that iodate discharged during the senescent phase is converted to iodide in the external media following the release of reduced sulfur species upon cell lysis.
It is apparent from Fig. 2 -5 that although each culture had entered the senescence stage by the end of the 370 experiment, the length of time spent in this stage and the proportion of dead cells present varied between experiments. Given the potential for a link between iodate reduction and cell death (Bluhm et al., 2010) it is important to consider this when exploring differences in the net changes in inorganic iodine speciation across the experimental duration. Fig. 9 presents the ratio of iodide produced to iodate taken up (I -: IO 3 -), average rate of change in iodide across the experimental duration and the net increase in iodide produced across each 375 experiment grouped by senescence stage. Here senescence stage is defined as the % of maximum cells remaining at the end of the experiment and the two groups are late senescence (0 -50 % cells remaining) and early senescence (51 -100 % cells remaining). Fig. 9a shows that there is a significant difference in I -: IO 3 -(Wilcoxon rank sum test, p = 0.014, n = 30, significance level p < 0.05). The average I -: IO 3 - (Fig. 9a ) is significantly higher in cultures at a late stage of senescence (median of ratio = 0.57) compared to those in early 380 senescence (median of ratio = 0.12). This suggests that across a diverse range of phytoplankton cells a greater proportion of the iodate taken up is released as iodide as senescence progresses. This is supported by the Wilcoxon rank sum tests performed on the average rate of change in iodide across senescent stage groups (p = 0.005, n = 30, Fig. 9b ) and total net change in iodide (p = 0.006, n = 30). The link with cell senescence would not have been apparent from the log/post-log analysis (Section 3.2) as this did not consider senescence stage. 385
Overall our findings suggest that cell death is an important factor controlling iodide production. Considering this and the observation of 'missing iodine' across all phytoplankton groups we propose that: phytoplankton take up or convert iodate to other organic/inorganic forms during active growth; and, that the taken up/converted iodate is reduced to iodide during cell death/senescence. The reduction that occurs upon cell death could be explained 390 by the reduced sulfur mechanism proposed by Bluhm et al. (2010) changes that could occur as cells lyse that could also be involved. Iodide production during the active growth (log) phase can be explained by the low level of cell death that is known to take place even during active growth.
Whilst the environmental stress (e.g. nutrient availability) that occurs in a batch culture over time will clearly enhance the rate of cell death, natural cell death due to (for example) exhaustion of division potential (age) or 395 programmed cell death can occur at any time (Franklin et al., 2010) .
Implications for process-based models of inorganic iodine cycling in the oceans
The incorporation of phytoplankton functional types (PFTs) into the ecosystem dynamics of ocean biogeochemical models has led to improved performance and accuracy (Gregg et al., 2003) but our results suggest this approach would not be suitable for models of inorganic iodine cycling in seawater. Representatives 400 of common PFTs including pico-autotrophs (e.g. cyanobacteria), phytoplankton silicifiers (e.g. diatoms) and phytoplankton calcifiers (e.g. coccolithophores; Quéré et al., 2005) have been investigated for iodate to iodide conversion here and in previous studies. Following the definition in Quéré et al. (2005) each PFT in an inorganic iodine cycling model would need to have a distinct and explicit role. However in the present study all PFTs studied to date were found to drive iodate to iodide reduction, there was large variability in rates within PFTs 405 and we did not find a significant difference in rates of conversion between diatoms and prymnesiophytes, or diatoms, coccolithophores and phaeocystales. The available evidence suggests that there is no significant difference in the rates and patterns of iodate to iodide reduction between phytoplankton groups or functional types.
410
Our observations of 'missing iodine' and link between iodide production and cell senescence do, however, provide important guidance for ocean iodine cycling models. These findings suggest that highest iodide production rates will be observed during the later stages of phytoplankton blooms and there will most likely be a lag between maximal phytoplankton biomass and the highest iodide concentrations. This suggestion is supported by time-series measurements in coastal Antarctica (2005 ( -2008 ( , Chance et al., 2010 which show that each year 415 there was a time lag of around 60 days between the onset of the microalgal bloom and the iodide maximum.
These results suggest that the terms for (non-predatory) phytoplankton mortality typically included in biogeochemical models (e.g. ERSEM, Butenschön et al., 2016) could be used to incorporate iodide production in to process-based models.
Conclusions 420
This study aimed to establish if there are common features of iodate to iodide reduction amongst diverse phytoplankton that could be used to guide the development of ocean iodine cycling models. By combining our results with those of previous studies we have shown that there is no significant difference in cell-normalised iodide production rates between key phytoplankton groups (diatoms versus prymnesiophytes) or phytoplankton functional types (PFTs, e.g. diatoms versus coccolithophores). We did, however, observe 'missing iodine' in the 425 majority of phytoplankton cultures studied, and found that the iodide yield is significantly higher in cultures at a later senescence stage. Resolving the fate of 'missing iodine' may yield useful information on the mechanisms behind iodate conversion to iodide. Furthermore, in line with a previous time-series study (Chance et al., 2010) these findings suggest that there will be a lag between maximum iodide production rates and peaks in https://doi.org/10.5194/bg-2019-443 Preprint. Discussion started: 25 November 2019 c Author(s) 2019. CC BY 4.0 License. Figure 1 . All strains used in the incubation experiments and the original location where they were isolated. Blue 625 colors indicate strains that belong to the group diatoms, yellow to red refer to strains from the class of prymnesiophytes (yellow to orange denotes species from the order of coccolithophores, while red stands for species from the order of phaeocystales), and dark green refers to the only cyanobacteria studied here, Synechococcus sp. 100 % groups (Wilcoxon rank sum test, p = 0.014, n = 30), as is the total net iodine change (p = 0.005, n = 30) 695 and the total change in iodide (p = 0.006, n = 30). for each measured parameter per type of medium. Values shown are mediums and standard deviations derived from all replicates. Media-only-controls were carried out for each incubation set-up with three replicates each, and were treated the same way as the inoculated flasks. No significant variations between start and end points were detected in any of the parameters shown with respect to detection limits and precision of the methods. Note that the standard deviations from start and end points is within measurement precision. 730 Table 3 . Ratios of IO 3 removal and Iproduction to increase in cellular carbon (net primary production, NPP).
Figures
Also presented are the cellular carbon levels used to make these calculations. Errors are the standard deviations of three replicate cultures. 
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